Biobanks contain biological samples and associated information that are essential raw materials for advancement of biotechnology, human health, and research and development in life sciences. Population-based and disease-oriented biobanks are major biobank formats to establish the disease relevance of human genes and provide opportunities to elucidate their interaction with environment and lifestyle. The developments in personalized medicine require molecular definition of new disease subentities and biomarkers for identification of relevant patient subgroups for drug development. These emerging demands can only be met if biobanks cooperate at the transnational or even global scale. Establishment of common standards and strategies to cope with the heterogeneous legal and ethical landscape in different countries are seen as major challenges for biobank networks. The Central Research Infrastructure for Molecular Pathology (CRIP), the concept for a pan-European Biobanking and Biomolecular Resources Research Infrastructure (BBMRI), and the Organization for Economic Co-operation and Development (OECD) global Biological Resources Centres network are examples for transnational, European and global biobank networks that are described in this article.
INTRODUCTION
After sequencing of the human genome, biomedical and health research has progressed from studying rare monogenic diseases to common multifactorial diseases. The latter are caused by a large number of small, often additive, effects, ranging from genetic predisposition to lifestyle and exposure to different environments. Innovative high-throughput technologies are widely expected to enable a better dissection of these complex, causally heterogeneous diseases into more homogeneous subgroups. Discovery of the disease-triggering effects, i.e. discriminating disease-specific effects from general alterations, will critically depend on the study of large collections of biological material such as tissues, blood or other body fluids from a large number of patients and healthy individuals, which are annotated with well-documented, up-to-date information on the sample donor including the clinical course of the disease. These collections, so-called biobanks, are essential resources to understand the function and medical relevance of human genes and their products as well as to explore the biological networks in which they are operating. This knowledge is also a prerequisite for the development of more effective drugs for specific patient groups in the context of personalized medicine [1] [2] [3] .
The current concept for biobanks has been established by the rising demands for access to biological material from large populations, particularly fostered by the development of a broad spectrum of high-throughput 'omics' technologies such as DNA microarrays, massive parallel DNA sequencing and mass spectrometry, which enable detailed and affordable analyses [1, 3, 4] .
BIOBANK FORMATS
Two major formats of biobanks with several subtypes can be distinguished, each with distinct and complementary scientific value (Table 1) .
Population-based biobanks
The most common format is the longitudinal population-based biobank with biological samples and data from randomly selected individuals of a general population. Typically, blood or isolated DNA together with data about family history, lifestyle, environmental exposure, etc., are collected at the entry time point into the study and at certain time points during follow-up [5, 6] . This prospective approach can be established best in the context of preventive medical programs. The specific strength of this format is the assessment of the natural frequency of occurrence and progression of common diseases in an a priori healthy population, with special emphasis on putative predisposing genetic variants and environmental risk factors. A further advantage is the possibility to study biomarkers that are predictive for the onset of diseases in not yet diseased individuals, which makes prospective population-based biobanks also an important complementation to disease-oriented biobanks (see subsequent text) in biomarker development. The population cohorts provide a setting to estimate the quantitative and qualitative impact of biomarkers on health and disease in the population. A major drawback of this biobank format is that most studies can be initiated at the earliest after 10-15 years of follow up, when a sufficient number of diseases will have occurred in the individuals of the cohort [7] . For instance, in a genome scan for a genetic polymorphism associated with a certain disease, DNA of about 10 000 diseased individuals should be analysed. The need of such large numbers of incident disease cases clearly demonstrates how the potential of these biobanks, particularly for the study of rare diseases, can be increased if biobanks cooperate internationally so that cases from different biobanks can be combined.
Geographically separated cohorts, which may be specific ethnic groups or population isolates due to other reasons and for which family history can typically be traced for several generations, have unique advantages for the identification of genetic risk profiles, since the genetic makeup and environmental exposure implies significantly fewer variables [8] . Another specific format is twin registries preferentially containing approximately equal numbers of monozygotic and dizygotic twins. This allows the parallel dissection of the effect of genetic variation in a homogeneous environment with dizygotic twins and of environmental effects against an identical genetic background with monozygotic twins [9] . A specific format of disease-oriented biobanks is the case-control study containing about equal numbers of samples and data from diseased and healthy individuals. The comparison between patients and controls in these studies can be used to recognize disease profiles or specific features, such as a mutated gene against a background of naturally occurring variations [12] . However, the appropriate control population is difficult to define and it is a matter of debate whether independent longitudinal population-based biobanks can serve as proper controls in the context of clinical casecontrol settings. An optimal scenario would be if samples (e.g. blood or DNA) collected from randomly selected individuals before onset of a given disease were combined with samples and data collected after onset of disease (e.g. blood or tissue), thus demonstrating the synergies of longitudinal population-based and disease-oriented biobank formats.
Another specific format is the tissue bank, collecting various diseased human tissue specimens, annotated with detailed information on the existing disease and, at least for a fraction of cases, information on response to therapy as well as final disease outcome. A specific advantage is that tissue permits investigation of localized diseases, such as cancer, inflammation or the organspecific manifestations of systemic diseases. Most tissue banks contain, in addition to diseased, also corresponding non-diseased tissue from the same patient, which allows direct comparison of acquired disease-related alterations within the genetic background of the affected individual.
Exceptional large numbers of diseased tissues have been collected in the context of routine histopathological diagnosis and are stored in the archives of institutes of pathology or hospitals. However, these archives cannot automatically be considered as tissue banks since the requirements for tissue banks, which are specifically designed to fulfil the needs of modern research, are much more far-reaching than the demands on medical archives for diagnostic services [4, [13] [14] [15] .
SPECIFIC FEATURES OF TISSUE BANKS
Most tissue banks contain large numbers of formalinfixed, paraffin-embedded tissues (FFPE), whereas frozen tissues are only available in limited quantities. The relevance of FFPE tissue for modern genome research has been underestimated until recently. FFPE tissue was mainly considered to be suitable for morphological analysis and immunohistochemistry. However, novel sample preparation and analysis techniques now allow the quantitative recovery of DNA and even RNA fragments as well as of proteins of more than 100 kDa [16, 17] . Since a broad variety of biomolecules have been shown to be well preserved in FFPE material and can be extracted, modern technologies can now be applied to old archived material, i.e. to diseased tissue that has been collected decades ago. Diseased tissue annotated with long-term follow-up data is particularly important to evaluate the natural course of various diseases or different treatment effects. An emerging important relevance of tissue banks is that diseased and corresponding non-diseased tissue are a critical resource to develop and validate biomarkers or gene signatures for prediction of the individual outcome of cancer and for a more accurate selection of patients for specific therapeutic regimens [18, 19] .
Although the range of use of FFPE material has been markedly improved, several high-throughput 'omics' technologies require high integrity of RNA, DNA, proteins or metabolites and, therefore, still rely on high-quality cryopreserved material. Therefore, many academic institutions are establishing collections of fresh frozen tissues in parallel to FFPE samples. In contrast to FFPE material, which is collected in the context of routine medical service, the cryopreservation of material requires a different and expensive process. For instance, marked effects of ischaemia time on gene expression profiles have been observed in different studies and all authors recommend cryopreservation of tissue as rapidly as possible, realistically within 15-30 min [20, 21] . Because of the essentially very short time window between surgical resection and cryopreservation of tissue, the collection process has to be well coordinated between surgery or other clinical departments, pathology and the tissue bank. This requires trained pathologists to be available on a stand by basis, guaranteeing optimal preservation of representative cryospecimens for research, without impeding the diagnostic process.
One key prerequisite of tissue banks for proper use of samples and the basis for cooperation with other biobanks is the compliance with common standards. Standard operating procedures (SOPs) should define the whole process of sample acquisition, sample processing and preservation as well as storage and retrieval [22] . SOPs should consider specific requirements of analysis platforms and of the biological questions to be addressed. However, SOPs can only be applied for prospectively collected samples, whereas for old archived samples, processing has often not been documented in sufficient detail and did not follow specific SOPs. In the context of quality management, the scientific use of this material therefore requires special analyses to assess the proper preservation of biomolecules.
Standardization and quality control have to consider parameters such as varying ischaemia times, preservation technique (snap-freezing, fixation and embedding) and storage. Furthermore, factors that cannot be standardized since they are directed by patient needs, such as medication during surgery or different surgical procedures, also influence sample quality and should be documented in detail [21] . Another aspect is that quality of a tissue sample can only be specified in the context of its intended use. Hence, different quality control parameters have to be established for morphological, genomic, transcriptomic or metabolomic analyses [16, 22] . For DNA and RNA, most relevant parameters are total yield and extractable fragment length. Protein quality depends on sustained antigenicity or preservation of biological activity as well as post-translational modifications such as phosphorylation, ubiquitination, glycosylation and methylation [14, 23] .
The scientific value of tissue for research markedly depends on the annotation with detailed information describing the specimen itself (e.g. cellular composition of tissue or which disease aspect is actually represented in a given sample), medical information on the sample donor and the outcome of the disease. The majority of these data is accessible in various medical databases of hospitals. Data structured at least to a certain extent can be retrieved using parsers. Data mining tools help to transform nonstructured free text into structured information, as a prerequisite for further statistical analysis [24, 25] .
The combination of experimental-especially genetic-data with detailed patient data poses further requirements for data protection, as even in the absence of personal data, patient re-identification through the combination of large datasets cannot be excluded [13, 26] . Therefore, particularly when comprehensive patient-related data will be shared with the scientific community outside the hospital environment in which the patient has been treated, the implementation of more farreaching anonymization tools is necessary. One possible approach is based on the concept of k-anonymity, employing the combination of data in such a way that a sufficient number of data twins is always available, which prevents the indirect identification of individuals by seemingly 'innocent' parameters [27] .
BIOBANKS IN DRUG DISCOVERY AND DEVELOPMENT
Biomarker discovery and drug development programs rely on access to high-quality biospecimens. Therefore, biobanks, in particular tissue banks, are expected to become a key resource for the pharmaceutical industry [14] .
At present, the high attrition rate in drug development is a major cause of increasing health care costs. As an important measure to cope with this problem, the role of biomarkers for early detection of drug safety and efficacy has been highlighted in the strategic research agenda of the innovative medicines initiative [28] , http://ec.europa.eu/ research/health/imi/index_en.html.
For instance, comprehensive profiling of drug target expression of diseased and non-diseased tissue might allow predicting drug side effects that might occur in different organ systems. Furthermore, systematic investigation of tissues from hundreds to thousands of patients provides an overview on the heterogeneity of a patient population, which can then be translated into clinical trial designs, increasing the effectiveness of the trial while reducing the costs.
In addition, drug discovery requires animal models for preclinical testing, which have been validated for their disease relevance at the molecular level, particularly considering the broad molecular heterogeneity of human diseases. In this context, biobanks are essential to validate animal models for their human disease relevance, for example whether a target or pathway of interest is properly preserved in the model organism.
In summary, biobanks can be used to support the whole drug discovery and development processes if they are properly designed and contain the required samples and data and are associated with validated model systems.
BIOBANKS IN SYSTEMS BIOLOGY
A systems biology approach for a specific disease aims at describing alterations of distinct cellular components and their direct interaction partners in the context of the functional and regulatory networks in which they are operating. Systems biology becomes increasingly important since the medical relevance of disease-associated alterations of genes, proteins or metabolites serving as biomarkers, as well as the functional implication of altered proteins serving as drug targets, is not sufficiently specified by the altered cellular component itself but is strongly dependent on the actual context in which it operates. To properly describe the functional state of a diseased organ, the complexity of alterations at the gene, protein or metabolite level including their specific interactions have to be analysed employing a broad spectrum of 'omics' technologies. Individual diseases can be seen as defined states of a biological system. Thus, data can be used to generate computational models of diseases [29] by systematic comparison of different disease situations. This approach relies on access to samples of extraordinarily high quality (suitable for different omics analysis platforms) as well as on detailed information on the sample donor's disease.
WHY NETWORKS OF BIOBANKS?
Because of the huge number of biological and medical parameters (e.g. type of disease, treatment, genetic polymorphisms, accompanying disease, lifestyle, etc.) that influence and characterize the disease of individual patients and split classical diseases into several new subentities, hundreds to thousands of samples have to be investigated to cope with the biological/medical diversity. Even big institutions can hardly provide the sample number required to achieve statistical significance in biomarker validation studies. This is even more relevant when rare diseases are to be investigated or if molecular signatures consisting of multiple parameters have to be validated [30] .
Another important aspect is that pharmaceutical companies are operating globally, so that samples and data from populations of different ethnic origin have to be investigated. This requirement for global cooperation of biobanks has far-reaching social, ethical and political-legal implications. A specific challenge is to find ways on how to cooperate even in the context of heterogeneous ethical and legal frameworks in which national biobanks are being established [3, 31] .
The importance of networking of biobanks has been emphasized by many authors and there are several major biobank networking initiatives worldwide, such as cancer Biomedical Informatics Grid (CaBIG) (https://cabig.nci.nih.gov), Public Population Project in Genomics (P3G) (www.p3gconsortium.org), EuroBioBank (www. eurobiobank.org), EPIC, GenomEUtwin (www. genomeutwin.org) and TuBaFrost (www.tubafrost. org) [2, [32] [33] [34] .
In the subsequent text, some recent examples of networking initiatives at European and global scale are described in more detail.
CRIPçCENTRAL RESEARCH INFRASTRUCTURE FOR MOLECULAR PATHOLOGY
CRIP is an example for transnational networking between tissue banks in Europe. CRIP was originally established at the RZPD (German Resource Center for Genome Research, Berlin, Germany) and has just recently been transferred to the Fraunhofer Institute for Biomedical Engineering (IBMT, Potsdam-Golm, Germany). CRIP provides an Internet portal to facilitate research projects that rely on investigation of diseased and normal human tissues (https:// crip.fraunhofer.de/). The Institutes of Pathology from the Charité Campus Benjamin Franklin and from Charité Campus Mitte in Berlin, Germany, and the Institute of Pathology at the Medical University of Graz, Austria, are currently partners of CRIP and provide an anonymized inventory of available tissues and associated data. The specific medical and scientific strengths of these three institutes complement each other so that a broad spectrum of cancers as well non-neoplastic diseases is represented [35] . The consortium members host tissue archives containing more than 5 million FFPE samples as well as approximately 50 000 frozen tissue samples.
Access to the CRIP portal is free of charge for researchers from academia and industry but users have to register in order to perform queries in the CRIP database. For data protection reasons, only the data related to tissue samples from defined disease groups are shown, whereas information on individual patients cannot be accessed. This information should provide researchers with a rapid overview on available tissue samples and sufficient details on associated histopathological, medical and molecular data to foster definition of joint research projects. Specific research projects will then be agreed between the CRIP partner institutions and researchers from academia or industry (an overview on workflow is shown in Figure 1 ).
CRIP can be seen as a pilot project to solve technical, legal and ethical problems of transnational collation of human tissues and patient-related data. For instance, IT-tools for sample tracking, data mining, storage and retrieval and solutions for protection of patient confidentiality have been developed. Data formats have been harmonized and sample collection and retrieval follows SOPs. Ethical, legal and societal governance is provided by an Advisory Board with experts from the fields of medicine, data protection, sociology, ethics and law.
PAN-EUROPEAN RESEARCH INFRASTRUCTURE FOR BIOBANKING AND BIOMOLECULAR RESOURCES
The European Strategy Forum on Research Infrastructures (ESFRI) has developed a European roadmap for research infrastructures, which includes a biobanking and biomolecular resources research infrastructure (BBMRI) (http://cordis.europa.eu/ esfri/roadmap.htm). The first call for the European Framework Program 7 invited to submit proposals for the preparatory phase of research infrastructures of the ESFRI road map, including BBMRI.
During the ESFRI process, key features of BBMRI have been specified and evaluated by an international expert panel (see report of the ESFRI Biological and Medical Sciences Road Map Working Group; http://cordis.europa.eu/ esfri/publications-reports.htm). BBMRI addresses the emerging needs of access to well-characterized and standardized human biological samples and associated data as well as to molecular tools required for their analysis. The infrastructure should comprise different biobank formats (i.e. population-based and disease-oriented) as well as a variety of biomolecular resources, such as ORF-clone collections, siRNA libraries, antibody collections and affinity binders, collection of recombinant proteins, molecular tools to decipher protein-protein interactions and cell lines (for the general concept of BBMRI, see www.biobanks.eu). All these components are critical resources to establish the disease relevance of the human genome and proteome, to unravel environment-gene interactions and to promote advancements in drug development and personalized medicine.
Although existing biobank initiatives and established biomolecular resources are a unique European strength, the benefit for academia and industry is limited because of their fragmentation in the scientific community resulting in the lack of common standards, absence of a general inventory and variable access rules. This hampers the combination of biological samples and data from different biobanks in order to provide a large number of study cases so that sufficient statistical power can be achieved. This is a requirement in particular for the investigation of new disease subentities in the context of personalized medicine and for research on rare diseases. Moreover, the current fragmentation of the biobank community results in duplication of efforts and lack of long-term funding solutions.
BBMRI should overcome these limitations by integrating existing as well as emerging resources into a pan-European network of biobanks and biomolecular resource centres. To fulfil the panEuropean scope and allow proper response to upcoming developments, a flexible network architecture is required. The foreseen distributed hub structure of BBMRI facilitates the integration of new members or creation of new domain hubs (e.g. for a specific biobank format or resource) at any time so that the infrastructure can rapidly respond to technical developments and emerging needs (Figure 2 ). Hubs coordinate and harmonize activities of the various domains, including collection, exchange and analysis of samples and data. Biological samples and data will be stored in a decentralized fashion at biobanks or biomolecular resource centres that are members of BBMRI. Furthermore, a variety of public or private partners (e.g. universities, hospitals and companies), which provide biological samples, data, technologies or services, may be associated with certain BBMRI members. The complex network of hubs, members and partners will be integrated into a single virtual research infrastructure by IT infrastructure and biocomputing solutions that employ federated database architecture and grid computing technology [36] .
A broad spectrum of high-end analysis platforms (high-throughput sequencing, genotyping, gene expression profiling technologies, proteomics and metabolomics platforms, tissue microarray technology, etc.) is planned to be associated with BBMRI. On the one hand, the integration of analysis platforms should guarantee that the quality of biological samples meets the requirements of latest analysis technologies. On the other hand, the high-end analysis platforms should allow for sample analysis under optimal conditions and for the data generated to be readily shared within the scientific community. This is seen as an important measure to achieve the most efficient use of non-renewable biological materials, as well as to avoid redundant analyses.
A specific challenge in establishing BBMRI is the implementation of common standards, which is complicated by the existing heterogeneous legal and ethical frameworks within Europe. Therefore, the ethical, legal and societal guidance will be a central activity in the preparatory phase. Major emphasis will also be placed on the development of incentives and benefit sharing policies for sample and data providers, which properly consider the needs of the broad stakeholder community (patients, medical professionals, funding organizations, scientists, industry, etc.).
The research infrastructure should further develop the potential of a broad spectrum of biological resources and facilitate the access for academia and industry of all EU member states by providing a pan-European inventory. BBMRI should offer possibilities for biomedical research that exceed the capacities of individual facilities and that are too cost intensive and laborious to be generated by individual institutions. Members of BBMRI are biobanks, biomolecular resources and technology centres, which are connected to their specific hub. Partners, who are not members, may be associated with members. In addition to domain-specific hubs, there are national coordinators to address issues specific for EU Member States, such as legislation or national funding systems.
